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In flowering plants, formation of the haploid male
gametophytes in anthers requires the interaction
between reproductive cells and the neighboring
somatic cells, yet the underlying mechanism remains
poorly understood. Here, we reveal the crucial role
of a fasciclin glycoprotein, MICROSPORE AND
TAPETUM REGULATOR1 (MTR1), in controlling the
development of sporophytic and reproductive cells
in rice (Oryza sativa).MTR1 is specifically expressed
in the male reproductive cells, yet its mutant exhibits
defects in both tapetum and microspore develop-
ment, causing complete male sterility. We also
demonstrate that the fasciclin domains, N-glycola-
tion, and N-terminal signal peptide-mediated plasma
membrane localization of MTR1 are required for
normal anther development and pollen fertility. Our
findings show that rice male reproductive cells
secrete theMTR1 protein to control the development
of reproductive cells and their adjacent somatic cells,
thus providing novel insights into the mechanism of
plant male reproductive development.
INTRODUCTION
In flowering plants, male reproductive development starts with
the formation of the anther from differentiated tissues. During
anther establishment, four somatic layers, i.e., the epidermis,
the endothecium, the middle layer, and the tapetum, are formed
from the surface to the interior. These somatic cells are
surrounding the meiotic cells (also called microsporocytes)
located at the center of each anther lobe (Goldberg et al.,
1995). Within the anther, male microspores are produced
through meiosis and later develop into haploid microspores/
pollens. The development of viable pollen grains within the
anther is a prerequisite for the propagation of flowering plants,
which requires the cooperative interaction of sporophytic and
gametophytic genes (McCormick, 1993; Goldberg et al., 1995;DevelopmMa, 2005; Wilson and Zhang, 2009). However, the mechanism
underlying the coordination of somatic and reproductive cells
is largely unknown.
Recently, identification of cell-surface signaling molecules
such as leucine-rich repeat receptor like kinases (LRR-RLKs)
has revealed potential mechanisms responsible for cell-to-cell
signaling during male reproductive development (Ma, 2005;
Wilson and Zhang, 2009). In Arabidopsis thaliana, the
EXCESS MALE SPOROCYTES1 (EMS1; also called EXTRA
SPOROGENOUS CELLS, EXS) gene encodes a LRR-RLK.
Mutants of EMS1/EXS or its putative ligand TAPETUM DETER-
MINANT1 (TPD1) are male sterile, where anthers contain excess
male sporocytes and no tapetum (Canales et al., 2002; Zhao
et al., 2002; Yang et al., 2003, 2005; Jia et al., 2008; Feng
and Dickinson, 2010). The expression of EMS1/EXS is equal
in the precursors of sporogenous cells and tapetum but
becomes stronger in the tapetum later in anther development
(Zhao et al., 2002). Conversely, the expression of TPD1 is
stronger in the male sporocytes than the tapetum, despite
being equal in the precursors of both cell types (Yang et al.,
2003). The general importance of the EMS1/TPD1-dependent
pathway(s) in anther cell differentiation was confirmed by
the discovery of their counterparts in the monocot species,
rice (Nonomura et al., 2003; Ma, 2005; Wang et al., 2006;
Zhao et al., 2008). Several Arabidopsis LRR-RLKs, includ-
ing SOMATIC EMBRYOGENESIS RECEPTOR KINASE1
(SERK1), SERK2, BARELY ANY MERISTEM1 (BAM1), BAM2,
RECEPTOR-LIKE PROTEIN KINASE2 (RPK2), and the ER-
localized ERECTA-LIKE1 (ERL1) and ERL2, are also involved
in anther cell fate determination with yet-unknown mechanisms
(reviewed by Wilson and Zhang, 2009).
Proteins that contain the fasciclin domain, an ancient cell
adhesion motif, are distributed in a variety of organisms and
participate in cell adhesion and communication in diverse bio-
logical processes in some vertebrates, such as insects and
humans (Seifert and Roberts, 2007). There are a large number
of fasciclin proteins in higher plants: 21 in Arabidopsis, which
are annotated as fasciclin-like arabinogalactan proteins (FLAs)
(Johnson et al., 2003), 34 in wheat (Triticum aestivum), and 24
in rice (Oryza sativa) (Faik et al., 2006). A few mutants of
fasciclin genes have been characterized. For example, a muta-
tion in the fasciclin domain of Arabidopsis FLA4 results inental Cell 22, 1127–1137, June 12, 2012 ª2012 Elsevier Inc. 1127
Figure 1. Phenotypic Analysis of mtr1
Anthers
(A and B) Spikelets at stage 12 after the removal of
the lemma and the palea. Insets are the pollen
grains stained by I2-IK. Bars = 1mm for (A) and (B),
and = 100 mm for the insets.
(C–L) Microspores stained by DAPI. Arrows indi-
cate the two nuclei at stage 11 (I) and the three
nuclei at stage 12 (K) in the wild-type, in contrast to
mtr1 in which no obvious three-nuclei microspore
were formed. Bar = 20 mm.
(M–V) Transverse section analysis of the anthers.
The images were from cross sections through
a single locule for each genotype. E, epidermis;
En, endothecium; M, middle layer; MP, mature
pollen; Ms, microsporocyte; Msp, microspore;
St, stage; T, tapetum; Tds, tetrads. Bars = 20 mm.
(W) qRT-PCR analysis of the expression of genes
involved in rice anther development. Each data
point is the average of three biological repeats.
The highest expression level in the wild-type is set
to be 1. Error bars indicate SDs. St7 to 12 stand
for: stage 7, 8a, 8b, and 9–12.
See also Figure S1.
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MTR1 Regulates Anther Developmenta root-swelling phenotype under salt stress, suggesting the
function of this protein in cell expansion (Shi et al., 2003). Ara-
bidopsis FLA3 is involved in microspore development by
affecting pollen intine formation, possibly through cellulose
deposition. FLA3 is specifically expressed in pollen grains and
tubes, and its protein is tightly associated with the plasma
membrane. RNA interference plants of FLA3 display defects
in late pollen maturation, containing about 50% abnormal
pollen grains. Ectopic expression of FLA3 results in defective
elongation of the stamen filament and reduced male fertility,
eventually causing short siliques with low seed set (Li et al.,
2010a). However, the biological functions of most plant fasciclin
proteins are unknown.
In this study, we describe the critical role of a rice fascilin
glycoprotein protein, MTR1, in male reproductive development.
Our data suggest that MTR1 may act as an extracellular adhe-
sion molecule in male reproductive development by regulating
the cell-to-cell communication between reproductive cells and
their adjacent somatic cells.1128 Developmental Cell 22, 1127–1137, June 12, 2012 ª2012 Elsevier Inc.RESULTS
Identification, Genetic,
and Phenotypic Analyses
of themicrospore and tapetum
regulator 1 Mutant
To identify genes that are essential for
rice anther development, we isolated
the male sterile microspore and tapetum
regulator 1 (mtr1) mutant from our rice
mutant library made from the japonica
subspecies (Chen et al., 2006). mtr1
shows normal vegetative and nonrepro-
ductive floral organ development, but
has smaller and pale-yellow anthers
that fail to produce viable pollen grains(Figures S1A–S1F available online; Figures 1A and 1B). All the
F1 progeny from the backcross between wild-type and mtr1
displayed the wide-type phenotype, and the F2 progeny yielded
a segregation of 481 wild-type and 147 mutant plants (c2 = 0.85,
p > 0.05), suggesting a monofactorial recessive inheritance of
the mutation.
To characterize the defects of anther development inmtr1, we
performed 40,6-diamidino-2-phenylindole (DAPI) staining of
microspores. At stage 8b of anther development,mtr1 produced
normal tetrads just like the wild-type (Figures 1C and 1D).
However, at stages 9 and 10, after the microspores were
released from the tetrad, mtr1 microspores expanded much
more slowly than those of the wild-type (Figures 1E–1H). At later
stages, each wild-type microspore underwent mitosis, gener-
ating the mature trinucleate pollen grain that contains two
smaller sperm nuclei and a larger vegetative nucleus (Figures
1I and 1K). By contrast, mtr1 microspores continued to show
slow development, did not seem to go through mitosis, and
were eventually aborted (Figures 1J and 1L).
Figure 2. SEM Analysis of Anther Wall
Layers andMicrospores and DNA Fragmen-
tation Assay of the Anthers
(A and B) Inner surface of tapetal cells at stage 8b.
(C and D) Ubisch bodies distributed on the inner
surface of tapetal layer at stage 11.
(E–H) Microspores at stage 11, with images with
higher magnifications (G and H) specifically
showing the pollen exine.
(I–N) The TUNEL assay. Red fluorescence repre-
sents nuclei stained with propidium iodide, and
yellow fluorescence indicates TUNEL-positive
nuclei.
T, tapetum; Ms, microsporocyte; Msp, micro-
spore. Bars = 5 mm in (A), (B), (E), and (F); = 2 mm in
(C) and (D); = 1 mm in (G) and (H); = 20 mm in (I)–(N).
See also Figure S2.
Developmental Cell
MTR1 Regulates Anther DevelopmentTransverse section analysis showed that at stage 6, when
microspore mother cells (MMCs) form, there was no obvious
difference between the wild-type and the mtr1 anthers (Figures
1M and 1N). At stage 7 to 8, mtr1 appeared to undergo normal
meiosis and formed regular tetrads, but their tapetal cells
became more vacuolated at stage 8 compared with the wild-
type (Figures 1O and 1P; Figures S1G and S1H). At stage 9,
the wild-type tapetum became condensed and deeply stained,
which is indicative of cell degeneration (Figure S1I). In the
mutant, expanded and much vacuolated tapetal cells were
observed (Figure S1J). Subsequently, the wild-type anther walls
continued to degenerate, and mature pollen grains were formed
(Figures 1Q, 1S, and 1U; Figure S1K), whereas inmtr1 the anther
wall layers were less degenerated and microspores were
collapsed (Figures 1R, 1T, and 1V; Figure S1L). These results
suggest that MTR1 is required for both the development of the
diploid anther wall cells and maturation of the postmeiotic
haploid microspores.
To further analyze the cellular defects revealed by the trans-
verse sections, we performed transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) of the anther.
mtr1 differed from the wild-type by having highly vacuolated ta-
petal cells (Figure S2; Figures 2A and 2B). At stages 7, 9, and 11,
the wild-type tapetal cells became degenerated; spherical
microspores that contained primary pollen exine on the surface
also developed (Figures S2E, S2G, S2I, and S2K). In contrast,
the mtr1 tapetal cells were highly vacuolated and microspores
were irregularly shaped with less deposition of sporopollenin
precursors on the surface (Figures S2F, S2H, S2J, and S2L). In
the wild-type, the inner surface of the tapetal cells was intact
(Figures 2A and 2C), whereas in mtr1 the tapetal layer was
sponge like due to ruptures on the cell surface, presumably re-Developmental Cell 22, 1127–113sulted from having the abnormally large
vacuoles in the tapetal cells (Figures 2B
and 2D). Compared with the wild-type,
mtr1microspores also exhibited irregular
shapes, had less deposition of sporopol-
lenin precursors on their outer surface,
and eventually collapsed (Figures 2E–
2H; Figures S2O and S2P). In addition,
the inner surface of wild-type tapetal cellshad abundant spheroid structures called Ubisch bodies or orbi-
cules (Figure 2C; Figure S2M), which are formed at stage 11 and
presumably involved in transferring tapetum-produced sporo-
pollenin precursors to the locule for pollen wall synthesis (Huys-
mans et al., 1998). However, mtr1 tapetal cells had small and
fewer Ubisch bodies at the same stage (Figure 2D; Figure S2N).
In plants, the degeneration of tapetum is believed to be the
result of programmed cell death (PCD) (Li et al., 2006). To test
whether themtr1 anthers have defective PCD, terminal deoxynu-
cleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
assay was performed. At stage 7 and 8b, the wild-type tapetal
cells showed TUNEL-positive nuclei (Figures 2K and 2M), one
of the hallmarks of PCD (Li et al., 2006). However, themtr1 tape-
tal cells had no detectable TUNEL signals (Figures 2L and 2N).
Furthermore, several rice tapetum-expressed genes, including
RAFTIN (Wang et al., 2003), Undeveloped Tapetum1 (UDT1)
(Jung et al., 2005), Tapetum Degeneration Retardation (TDR) (Li
et al., 2006), OsC6 (Zhang et al., 2010), and CYP704B2 (Li
et al., 2010b), which are known to be involved in tapetal function
and degeneration, displayed abnormal expression patterns in
mtr1 (Figure 1W).
Collectively, the above data clearly demonstrate a role for
MTR1 in controlling the development of both tapetal cells and
microspores.
Isolation of the MTR1 Gene and Phylogenetic Analysis
To identify the MTR1 gene, we used a map-based cloning
approach. A F2 population with more than 10,000 recombinant
lines was generated from a cross between mtr1 (japonica) and
GuangLuAi 4 (wild-type indica). After fine mapping, the MTR1
locus was located on chromosome 2 between two InDel
markers, TH239 and TH234 (Figure 3A), in a 70 kb (kilobase7, June 12, 2012 ª2012 Elsevier Inc. 1129
Figure 3. Map-Based Cloning and Expres-
sion Analysis of MTR1
(A) Fine mapping of the MTR1 gene to chromo-
some 2. Positions of the molecular markers are
indicated. AP004837, AP004864, and AP005317
are accession numbers of genomic DNAs. The
MTR1 locus is mapped to a 70 kb region between
TH239 and TH234.
(B) A schematic representation of theMTR1 cDNA.
The mutation in mtr1 and putative domains of the
MTR1 protein are indicated.
(C) Spatial and temporal expression analyses of
MTR1 by RT-PCR. St7 to 12 represent stages 7,
8a, 8b, and 9–12. Actin1 and GDNA (genomic
DNA) served as controls.
(D) qRT-PCR analysis ofMTR1. Each data point is
the average of three biological repeats. Error bars
indicate SDs.
(E–J) In situ analyses ofMTR1 in wild-type anthers.
(J) is the negative control, in which the MTR1
sense probe was used on an anther at stage 7.
D, dyads; Ms, microsporocyte; Msp, microspore;
T, tapetum; Tds, tetrads. Bars = 50 mm.
See also Figure S3.
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MTR1 Regulates Anther Developmentpair) region on the BAC clone OSJNBa0048K16 (AP004864).
Sequence analysis revealed the insertion of an A at the
280th nucleotide (nt) in the coding region of an annotated
gene (LOC_Os02g28970, http://www.gramene.org/, or Os02
g0491300, http://rapdb.dna.affrc.go.jp/), which caused a frame-
shift (Figure 3B; Figure S3A). To confirm that LOC_Os02g28970
is theMTR1 gene, a binary plasmid containing a 7.4 kb wild-type
LOC_Os02g28970 genomic fragment subcloned from the BAC
clone AP004864 was introduced into the mtr1 homozygous
plants. The male sterile phenotype was complemented in
transgenic plants (Figures S3B and S3C), demonstrating that
the mutation in LOC_Os02g28970 is indeed responsible for
the male sterility phenotype in mtr1.
The gene structure of MTR1 was determined by comparing
the genomic region (http://www.gramene.org) with the full-
length cDNA sequence (AK241775) (http://www.rgrc.dna.affrc.
go.jp). The MTR1 transcript is approximately 2 kb in length and
contains a 1,752 bp coding sequence without any intron,
a 55 bp 50 untranslated region (UTR) and a 193 bp 30 UTR (Fig-1130 Developmental Cell 22, 1127–1137, June 12, 2012 ª2012 Elsevier Inc.ure 3B). The predicted MTR1 protein is
583 amino acids long and contains
a putative N-terminal signal peptide
(amino acids 1–22; Figure 3B; Fig-
ure S3A), two fasciclin domains (amino
acids 257–356 and 435–535; Figure 3B;
Figure S3A), and two potential N-glyco-
sylation sites (amino acids 433 and 554;
Figure S3A) (http://www.cbs.dtu.dk/
services/NetNGlyc/). Each fasciclin do-
main on MTR1 has the typical sequence
characteristics for such a motif, i.e.,
110–150 amino acids long and the
presence of the two highly conserved
regions, H1 and H2 (Kawamoto et al.,
1998) (Figure S3A).To obtain information on the potential function of MTR1, we
first BLAST-searched public databases such as NCBI (National
Center for Biotechnology Information), TAIR (The Arabidopsis
Information Resource), and GRAMENE, using the full-length
MTR1 sequence and the sequence containing the two fasciclin
domains (amino acids 248–539), respectively, as queries.
Fourteen sequences were retrieved from Arabidopsis thaliana,
Brachypodium distachyon, Hordeum vulgare,Mimulus guttatus,
Populus trichocarpa, Panicum virgatum, Sorghum bicolor,
Triticum aestivum, Vitis vinifera (grape vine), and Zea mays,
each containing high sequence similarity with MTR1 in the
fasciclin domain (Figure S3D). No functional analysis on the
proteins encoded by the retrieved sequences had been re-
ported. To determine their phylogenetic relationships with
MTR1, we constructed a phylogenetic tree using sequences
from the region covering the two fasciclin domains. MTR1,
two sequences from sorghum, one single member from
Brachypodium, barley, maize, wheat, and switch grass, res-
pectively, were grouped in a small clade. FLA20 from
Developmental Cell
MTR1 Regulates Anther DevelopmentArabidopsis, a populus gene, a gene from M. guttatus, and
four grapevine genes, formed the neighboring subgroup (Fig-
ure S3D). Two Arabidopsis proteins containing fasciclin
domains formed outgroups to these 15 proteins. Among these
genes, the wheat gene (Triticum aestivum 35552) is expressed
in meiotic anthers (http://www.ncbi.nlm.nih.gov/UniGene/clust.
cgi?UGID=1563465&TAXID=4565&SEARCH=Ta.35552), and the
barley gene (BAK04546) and Arabidopsis FLA20 are expressed
in early flowers (Matsumoto et al., 2011; http://bar.utoronto.ca/
efp/cgi-bin/efpWeb.cgi). These data together suggest that
MTR1 and its homologous sequences from other dicot and
monocot plant species may represent proteins whose functions
have been conserved in plants.
MTR1 Is Specifically Expressed in Male Reproductive
Cells and Localized to the Plasma Membrane
To further elucidate the function of MTR1, we analyzed the
expression pattern of MTR1 during rice development, using
RT-PCR and quantitative RT-PCR (qRT-PCR) analyses. Consis-
tent with the defect in anther development in mtr1, RT-PCR
analysis detected the expression of MTR1 only in the anthers.
The MTR1 transcripts started to be detectable at stage 7 and
reached the maximum level at stage 8a, when meiosis occurs
to form dyads (Figures 3C and 3D). At stage 9, when the young
microspores are released from the tetrad, the transcript level of
MTR1 began to decrease and was hardly detectable at stage
10 (Figures 3C and 3D). To determine the spatial and temporal
expression patterns of MTR1 more precisely, we performed
RNA in situ hybridization on wild-type anther sections. MTR1
expression could not be detected at stage 6, but was observed
in the microsporocyte at stage 7 during early meiosis (Figures 3E
and 3F). Further, MTR1 continued to be expressed in the dyad,
the tetrad, and the released young microspores, and disap-
peared at stage 10 (Figures 3G–3I). No obvious signal was
detected by the sense probe control (Figure 3J), showing the
specificity of this experiment.
To further verify the expression pattern of MTR1, we made
a translational fusion between the full-length MTR1 coding
region and GFP (Green Fluorescent Protein) under the control
of MTR1’s native promoter (pMTR1:MTR1-GFP), and checked
the localization of the protein. In agreement with data from the
MTR1mRNA analysis, the anthers of wild-type transgenic plants
expressing pMTR1:MTR1-GFP displayed no GFP fluorescent
signals at stages 6 and 10 but strong signals at stages 7 and 8
(Figures 4A–4F), specifically in the microsporocytes and the
tetrads (Figures 4G–4K). At stage 10, theGFP signal disappeared
from the anther (Figure 4L). These results suggest that the MTR1
protein is specifically located in male reproductive cells, which
correlates well with the expression pattern of its gene.
Like other plant fasciclin proteins (Johnson et al., 2003; Faik
et al., 2006), MTR1 was predicted by programs such as SignalP
(Bendtsen et al., 2004) to have a putative N-terminal signal
peptide for the secretory pathway (amino acids 1–22; Fig-
ure S3A). To experimentally verify the subcellular localization of
MTR1, we respectively introduced MTR1-GFP, MTR1DN-GFP,
MTR1signal-GFP, and the GFP alone control, all of which driven
by theCaMV35S promoter, into onion epidermal cells by particle
bombardment. MTR1DN-GFP contains a fusion of GFP and
a MTR1 fragment deleted for the 22 amino acid putativeDevelopmN-terminal signal peptide, and MTR1signal-GFP contains
a fusion of the 22 amino acid N-terminal targeting signal peptide
and GFP. As expected, GFP and MTR1DN-GFP were evenly
distributed in the cytoplasm and the nucleus, whereas MTR1-
GFP and MTR1signal-GFP were mainly localized to the cell
periphery (Figures 4M–4P). To distinguish whether MTR1-GFP
is localized to the cell wall or plasma membrane, we treated
the cells with 0.8 M mannitol to induce plasmolysis, i.e., separa-
tion of the plasma membrane from the cell wall (Liu and Mehdy,
2007). Under plasmolysis, GFP and MTR1DN-GFP were both
found in the cytoplasm and nucleoplasm (Figures 4Q and 4R),
and MTR1-GFP and MTR1signal-GFP were still associated
with the plasma membrane (Figures 4S and 4T). These results
led us to the conclusion that the N-terminal signal peptide is
necessary and sufficient for MTR1’s localization to the plasma
membrane. In a parallel experiment, we performed immunogold
labeling TEM using antibodies against MTR1 and GFP, respec-
tively. The polyclonal antibodies against the N-terminal 118
amino acids of MTR1 were produced. MTR1 was found to
localize in the microsporocyte cytoplasm, in the extracellular
matrix between the microsporocytes, and at the interface
between the microsporocyte and the tapetal cell (Figure 5;
Figures S4A–S4D).
To further investigate the biological importance of this
N-terminal signal peptide on MTR1, we transformed the binary
plasmid pMTR1:MTR1DN-GFP into mtr1 (Figure 6A). Unlike the
full complementation of mtr1 plants by pMTR1:MTR1-GFP,
mtr1 mutants expressing pMTR1:MTR1DN-GFP still had pale-
yellow anthers and were male sterile (Figures 6B–6D). These
results strongly suggest that the N-terminal peptide, which is
required for MTR1’s localization on the plasma membrane, is
critical for MTR1’s role in rice anther development. In addition,
strong GFP signals were observed exclusively in the tetrads of
transgenic mtr1 plants expressing pMTR1:MTR1DN-GFP
(Figures 4U–4X), further confirming the localization of MTR1 in
reproductive cells.
The Two FAS1 Domains and N-Glycosylation Are
Required for MTR1’s Function in Anther Development
MTR1 has two putative fasciclin domains: FAS1-1 (amino acids
257–356) and FAS1-2 (amino acids 435–535) (Figure S3A)
(http://smart.embl-heidelberg.de/). Each fasciclin domain has
two10 amino acid highly conserved regions, H1 and H2 (John-
son et al., 2003) (Figure S3A). The fasciclin domain is known to be
an extracellular module that putatively mediates cell adhesion
(Johnson et al., 2003; Faik et al., 2006; Seifert and Roberts,
2007; MacMillan et al., 2010). To determine whether the two
fasciclin domains are crucial for the function of MTR1, we
constructed binary constructs containing MTR1 deleted for
both or one of the fasciclin domains fused with GFP (Figure 6A)
and transformed these native promoter-drivenMTR1 constructs
into mtr1 homozygous mutant. MTR1 genes with one or both of
the fasciclin domains deleted could not complement the male
sterile phenotype in mtr1 (Figures 6E–6G), suggesting that both
fasciclin domains are required for the function of MTR1.
Like many other extracellular proteins (Roudier et al., 2002),
MTR1 was predicted to contain two consensus sequences
for N-glycosylation: Asn-Met-Thr at N433-435 and Asn-Ala-
Thr at N554-556 (http://www.cbs.dtu.dk/services/NetNGlyc/)ental Cell 22, 1127–1137, June 12, 2012 ª2012 Elsevier Inc. 1131
Figure 4. Confocal Images Showing the Localization of MTR1-GFP
(A–L) Fluorescence micrographs of anthers in transgenic lines expressing pMTR1:MTR1-GFP. (A), (D), (F), (H), (J), and (L) are images superimposed from GFP
(green), bright field, and chlorophyll autofluorescence (red) or DAPI (blue). (A), (B)–(D), (E), and (F) were from stage 6, 7, 8b, and 10, respectively. (G) and (H) are the
same microsporocyte at stage 7. (I)–(L) are sections of frozen transgenic anthers, where (I) and (J) are the same anther at stage 7, (K) is from stage 8a, and (L) is
from an anther in (F). Bars = 50 mm in (A)–(F); = 10 mm in (G)–(L).
(M–T) Localization of fusions between various versions of MTR1 and GFP in onion epidermal cells. In each image pair, the photo on the left is DIC (differential
interference contrast) and the photo on the right shows fluorescence image of the same cell. Bars = 100 mm.
(U–X) Expression of pMTR1:MTR1DN-GFP in the anthers of transgenic mtr1 mutants. Boxes in (U) show tetrads. (V)–(W) are a tetrad from (U), and (W) is the
merged image from GFP signals in (V) and DAPI staining of the same tetrad. (X) is a merged image from GFP and DAPI staining of a tetrad from the wild-type,
which serves as the negative control. Bar = 100 mm in (U); = 10 mm in (V)–(X).
See also Figure S4.
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MTR1 Regulates Anther Development(Figure S3A). The consensus sequence for N-glycosylation is
AsnXxxSer/Thr/Cys, where Asn is the N-glycosylation site and
Xxx can be any amino acid except proline (Kannicht, 2002). To
characterize the MTR1 protein regarding its posttranslational
modifications, proteins extracted from wild-type and mtr1
anthers from stage 7 to stage 9 were subjected to immunoblot
analysis using affinity-purified antibodies. In wild-type anthers,
a major protein band of 88.2 kDa and a weaker band of
73.5 kDa, both of which were bigger than the predicted size
of 60.9 kDa for MTR1, were detected (Figure 6H), suggesting
that MTR1 may be modified posttranslationally in vivo. After
the proteins were treated with peptide N-glycosidase F (PNGase
F), which is capable of removing most of the common N-linked
carbohydrates from proteins (Kannicht, 2002), both protein
bands shifted to smaller sizes (Figure 6H). No protein signals
were detectable in mtr1 anthers, confirming the specificity of
the MTR1 antibody (Figure 6H). These results suggest that, in
rice anthers, MTR1 can be posttranslationally modified by the
addition of N-linked glycans.
To confirm the N-glycosylation sites of MTR1 and their func-
tional significance, we performed site-directed mutagenesis of
the two potential N-glycosylation sites by substituting Asn with1132 Developmental Cell 22, 1127–1137, June 12, 2012 ª2012 ElsevGln (N433Q and N554Q; Figure 6I). The mutated genes were
inserted into the expression vector pEAQ and transiently
expressed in Nicotiana benthamiana leaves as described by
Sainsbury and Lomonossoff (2008). Immunoblot analysis
showed that the molecular weight of the expressed MTR1 was
about 85.6 kDa for MTR1 (N433Q), 86.6 kDa for MTR1
(N554Q), and 81.8 kDa for MTR1 (N433/554Q), all of which are
smaller than the 88.2 kDa wild-type MTR1 band (Figure 6J).
The size of the double mutant MTR1 (N433/554Q) was close to
that of the MTR1 treated with N-glycosidase F (Figure 6J),
suggesting strongly that N433 and N554 contribute to the
N-glycosylation of MTR1.
Protein glycosylation is often found to be essential for
protein targeting, stability, or function (Chikh et al., 2004). To
determine whether it plays a role in the function of MTR1, we ex-
pressed pMTR1:MTR1 (N433/554Q) in the mtr1 homozygous
mutant. Unlike mtr1 expressing wild-type MTR1 or MTR1-GFP,
mtr1 mutants expressing MTR1(N433/554Q) still exhibited
defective anther development and reduced fertility (Figures 6K
and 6L; Figure S5). Based on these data, we concluded that
N-glycosylation of MTR1 is important for its function in anther
development.ier Inc.
Figure 5. Immunological TEM Analysis of
MTR1’s Subcellular Localization
(A) A section of wild-type anther at stage 7.
(B) A higher magnification of box b in (A), showing
MTR1 signals in the cytoplasm of the microspo-
rocyte.
(C–E) Higher magnifications of boxes c, d, and e
in (A), showing MTR1 signals on the micro-
sporocyte surface (C) and extracellular matrix
between the microsporocyte and tapetal cell
(D), and no obvious MTR1 signal in the tapetum
cell (E).
(F) A negative control, showing the microsporo-
cytes and tapetum in the wild-type anther probed
with preimmune serum. MTR1 signals, detected
by purified MTR1 antibody at a 1/200 dilution, are
indicated by white arrows.
Bar = 5 mm in (A); = 0.2 mm in (B)–(F).
See also Figure S4.
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Rice is a major staple food worldwide, therefore maintaining
and increasing its yield have become significant challenges to
food security. Manipulation of crop pollen fertility is of particular
importance to the increase of grain yield in highly inbreeding
species like rice. Currently, much of the knowledge about
pollen fertility has been obtained from the dicot model plant
Arabidopsis (Wilson and Zhang, 2009). Here, we report the
characterization of MTR1, an essential gene for programmed
tapetal cell fate and pollen formation in the monocot crop rice.
Using genetic complementation and biochemical assays, we
showed that its plasma membrane localization, N-glycosylation,
as well as the two fasciclin domains, are indispensible for
MTR1’s role in anther development and pollen maturation. This
work shows that loss of function of a protein secreted by
male reproductive cells dramatically affects the development
of both reproductive (pollen) and somatic (tapetal) cells.
We hypothesize that MTR1 serves as a critical signaling
molecule that coordinates the development of somatic and
reproductive cells. This finding has significantly extended our
understanding of plant male reproductive development at the
molecular level.
MTR1 Is Essential for Male Reproductive Development
in Rice
Proper tapetal differentiation and degeneration are essential for
successful male reproductive development and fertility in higher
plants (Ma, 2005; Wilson and Zhang, 2009). Timely degeneration
of tapetal cells, which is initiated by tapetal PCD, is believed to
be critical for the regulated release of wall materials, including
carbohydrate, lipidic molecules and other nutrients, from the
tapetal cells to the developing microspores. We have shown in
this study that wild-type tapetal cells go through PCD with
DNA fragmentation and chromatin condensation, but this does
not occur in mtr1. Instead, the mutant tapetum appears to be
highly vacuolated and delayed in DNA fragmentation (Figures 1Developmand 2; Figures S1 and S2), suggesting that MTR1 plays a key
role in tapetal development and degeneration.
A surprising finding in this study is that, despite its essential
role in tapetal development, MTR1 is exclusively expressed
and localized in male reproductive cells (Figures 3, 4, and 5).
This is distinct from the mode of action of other tapetum regula-
tors. The expressions of several tapetum-expressed genes
involved in tapetal function are changed in mtr1 (Figure 1W),
suggesting thatMTR1 affects pathways that regulate the expres-
sion of the genes essential for tapetal development. Further-
more, mtr1 tapetal cells display delayed DNA fragmentation,
resembling the phenotypes of tdr and gamyb, mutants of key
transcriptional regulators of tapetum development (Kaneko
et al., 2004; Li et al., 2006; Aya et al., 2009; Liu et al., 2010).
The development, differentiation and degradation of tapetal
cells are not only highly regulated, but also coordinated
with microspore development. mtr1 has normal meiosis in
anthers (Figures 1 and 2; Figure S1), which is in agreement
with the lack of changes in the expression of HOMOLOGOUS
PAIRING ABERRATION IN RICE MEIOSIS1 (PAIR1) (Figure 1W),
a gene required for homologous chromosome pairing and
cytokinesis in rice male and female meiocytes (Nonomura
et al., 2004). However, mtr1microspores are small, their pollens
have irregular exine and are aborted postmeiotically (Figures 1
and 2; Figures S1 and S2). The defective microspore develop-
ment inmtr1 is most likely caused by the lack of MTR1 function;
alternatively and not exclusively, it may be caused by the altered
tapetal function.
MTR1 Encodes a Secretory Fasciclin Glycoprotein
Plant development and environmental adaptation require struc-
tural andmetabolic changes triggered by cell-to-cell interactions
and communication. The plant cell wall (CW) and its dynamic
interaction with the plasma membrane (PM) are thought to play
key regulatory roles in structural, positional, and environmental
signaling. Various types of proteins, such as receptor-like
kinases, arabinogalactan-proteins (AGPs), cellulose synthaseental Cell 22, 1127–1137, June 12, 2012 ª2012 Elsevier Inc. 1133
Figure 6. The N-Terminal Peptide, Two Fascilin Domains, and N-Glycolation of MTR1 Are Required for the Function of MTR1
(A and I) Diagrams of the MTR1cDNA-GFP, MTR1DN-GFP, MTR1DFAS1-1-GFP, MTR1DFAS1-2-GFP, MTR1DFAS1-1/2-GFP, and MTR1 (N433/554Q)-GFP
constructs. The 3 kb 50 upstream sequence of MTR1 was used as the promoter to drive gene expression. The signal peptide is shown in red and the fasciclin
domains are in blue. The two N-glycosylation site mutations are also indicated in (I).
(B–G and K) Flowers of transgenicmtr1 plants after the lemma and palea were removed. (B), (D), (E), (F), and (G) Expression of constructs 1–5 in (A), respectively.
(K) Expression of pMTR1:MTR1 (N433/554Q)-GFP. Bars = 100 mm.
(H) Immunoblot analysis of proteins from anthers of the wild-type (WT) and mtr1 using antibodies against MTR1 or tubulin (as a loading control). Proteins were
digested by PNGase.
(J) Immunoblot analysis of MTR1 proteins transiently expressed in tobacco leaves. Proteins from uninfiltrated tobacco were used as the control.
(L) Quantitative analysis of seed setting, as percentage of grains that set seeds, in the wild-type, mtr1, and mtr1 transgenic lines carrying various versions of
MTR1. Error bars indicate SDs (n = 10).
See also Figure S5.
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involved in CW-PM interactions (Johnson et al., 2003; Ma,
2005; Seifert and Roberts, 2007). Fasciclin proteins are putative
adhesion molecules, some of which are involved in plant
development and stress responses (Johnson et al., 2003; Shi
et al., 2003). However, their biological function remains largely
unknown in plants.
MTR1 has two putative fasciclin domains, which contain
the consensus sequences (H1 and H2) commonly found in
such domains (Figure S3). However, MTR1 does not belong to
the FLA family, the major type of fasciclin protein found in
Arabidopsis, because of its lack of the conserved sequence for
AGPs. Furthermore, unlike AGPs, which display heterogeneity
as a result of hyperglycofication (Seifert and Roberts, 2007),
MTR1 does not appear to bemodified to heterogenic macromol-
ecules since we only detected two distinct protein bands of this
protein (Figure 6).
The N-terminal putative signal sequence is shared by most
plant FLAs (Johnson et al., 2003). In this study, we show that
the N-terminal signal peptide is required for MTR1’s localization
to the cell surface (Figure 4), whereas deletions of one or two1134 Developmental Cell 22, 1127–1137, June 12, 2012 ª2012 Elsevfascilin domains as well as mutations of the glycolated amino
acids (N433/554) do not affect this localization (Figure S4). The
importance of MTR1’s localization on the plasma membrane is
verified by the genetic complementation assay, in which expres-
sion of MTR1 without its N-terminal signal peptide failed to
rescue the mtr1 phenotype (Figure 6). This finding implies that
plasma membrane localization of MTR1 mediates the function
of MTR1 in cell adhesion and signaling. We hypothesize that
MTR1 may interact with some protein(s) on the inner surface of
the tapetum and modulate the development of the tapetal layer.
To this end, identifying the interacting molecule(s) of MTR1 will
be highly necessary.
MTR1 does not have the glycosylphosphatidylinositol
(GPI)-anchoring sequences found in some FLAs (Borner et al.,
2003; Eisenhaber et al., 2003). Neither does it contain other
FLA motifs, such as the AGP regions believed to be Hyp-
O-glycosylated (Tan et al., 2003). Instead, MTR1 is posttransla-
tionally glycolated at two N-glycosylated sites, which are
required for its function in anther development and pollen fertility.
Thus, MTR1 seems to represent a member of a subfamily of
fasciclin proteins that is distinct from FLAs in structure andier Inc.
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MTR1 Regulates Anther Developmentfunction. Furthermore, MTR1 may have other posttranslational
modification(s), because two forms of MTR1 proteins were
observed in rice anthers before and after the deglycosylation
treatment (Figure 6H).
In conclusion, we have demonstrated a role for MTR1, a fasci-
clin protein specifically expressed in male reproductive cells, in
regulating both anther wall development and pollen formation.
MTR1’s posttranslational N-glycolation, plasma membrane
localization, and the two fasciclin domains, all contribute to the
function of the protein. Our findings suggest that the MTR1
protein may act as a key signaling molecule that mediates
cell-to-cell communication between reproductive and sporo-
phytic cells, thus providing novel insights into the mechanism
by which plant male reproductive development is regulated.
EXPERIMENTAL PROCEDURES
Plant Materials and Growth Conditions
All the rice plants in this study are in the background of 9522, a species of
japonica, and were grown in the paddy field of Shanghai Jiao Tong University.
The F2 mapping population was generated from a cross between the mtr1
mutant (japonica) and GuangLuAi 4 (indica). F2 plants that exhibited the male
sterile phenotype were selected for gene mapping, using a previously pub-
lished method (Liu et al., 2005).
Characterization of the Mutant Phenotype
DAPI staining of microspore, SEM, TEM, and TUNEL were performed accord-
ing to a previous study (Li et al., 2006). Anthers from different developmental
stages, as defined by Zhang and Wilson (2009) and Zhang et al. (2011), were
collected based on spikelet length and lemma/palea morphology.
Molecular Cloning of MTR1
To fine-map the MTR1 locus, bulked segregant analysis (Liu et al., 2005) was
used and 45 pairs of InDel molecular markers were designed based on the
sequence difference between japonica and indica described in the NCBI
database; see Supplemental Experimental Procedures.
Complementation of the mtr1 Mutant
For functional complementation, a 7.4 kb genomic sequence of MTR1, which
contains the entire MTR1 coding region (1.752 kb), a 3.1 kb upstream
sequence, and a 2.5 kb downstream sequence, was amplified. The genomic
fragment was subcloned into the binary vector pCAMBIA1301 (CAMBIA),
which carries a hygromycin resistance marker, using restriction endonucle-
ases KpnI and XbaI. Calli induced from young panicles of the homozygous
mtr1 plants were used for transformation with Agrobacterium tumefaciens
(EHA105), which carries the pCAMBIA1301-MTR1 plasmid or the control
plasmid pCAMBIA1301 (Li et al., 2006). For transgenic plants, at least 12
independent lines were obtained for each construct. Transgenic plants were
identified by PCR using the primers listed in Supplemental Experimental
Procedures.
RT-PCR and In Situ Hybridization
Total RNA isolation, RT-PCR and qRT-PCR procedures and data calculation
were performed as described by Zhang et al. (2010) (see Supplemental
Experimental Procedures for primer sequences). RNA in situ hybridizations
were performed as described by Li et al. (2006). A 771 bp cDNA fragment
containing the 50 UTR of MTR1 was used for making antisense and sense
probes (Supplemental Experimental Procedures).
MTR1 Polyclonal Antibody Preparation and Purification
AMTR1-specific DNA fragment, which encodes a 118 amino acid (amino acids
1–118) peptide, was synthesized in vitro using optimized codons for
Escherichia coli genes (http://weeds.mgh.harvard.edu/). A repeat of this
fragment was amplified by PCR. The two repeats of this fragment (primer
sequences are listed in Supplemental Experimental Procedures) were linkedDevelopmby HindIII, and cloned into the EcoRI and XhoI sites of the bacterial expression
vector pET-32a (Novagen). Protein expression, purification, and polyclonal
antibody preparation and purification were performed according to a previous
report (Huang et al., 2003).
Localization of MTR1
The MTR1 sequences were cloned into the XhoI and NcoI sites of the
pA7-35S:GFP plasmid. The resulting plasmids were coupled with gold parti-
cles and bombarded into onion epidermal cells and observed as previously
described (Liu andMehdy, 2007). A laser scanning confocal microscope (Leica
TCS SP5) was used for the analysis. GFP fluorescent signals were imaged at
the excitation wavelength of 488 nm and emission wavelength of 505–530 nm.
The red autofluorescence of chlorophylls was imaged at emission wavelength
longer than 650 nm. For the immunological analysis of MTR1 localization, rice
anthers of wild-type and pMTR1: MTR1-GFP transgenic plant at stage 7
(Zhang and Wilson, 2009) were fixed, dehydrated, sectioned, hybridized,
and examined as described by Shi et al. (2011).
Phylogenetic Analysis
Multiple alignments were performed using ClustalW (http://www.ebi.ac.uk/
clustalw/). A phylogenetic tree was constructed with the aligned sequences
containing the two fasciclin domains (corresponding to amino acids
248–539 for MTR1). MEGA (version 3.0) (http://www.megasoftware.net/
index.html) (Kumar et al., 2004) and the Neighbor-Jointing (NJ) methods
were used with p-distance model and Pairwise Deletion and Bootstrap
(1,000 replicates; random seed). Max parsimony method of MEGA was also
used to support the NJ tree, using default parameter.
N-Glycosylation Analysis
Anthers from stage 7 to 9 were collected and ground into powder with liquid
nitrogen. Total protein was extracted and digested by N-glycosidase F (New
England Biolabs, PNGase F, P0704; Henquet et al., 2008). Protein samples
were separated by 10% SDS-PAGE, where each lane contained about
50 mg of total soluble proteins. For immunoblot analysis, purified MTR1
antibodies were used as the primary antibody (1:200 dilution), and horseradish
peroxidase-labeled goat anti-rabbit IgG(H+L) (diluted 1:500) was used as the
secondary antibody. The BeyoECL plus protein gel blotting detection reagents
(Shanghai) were used according to the manufacturer’s instructions.
To make mutant MTR1 proteins, N433Q and N554Q changes were made by
site-directed mutagenesis, using an in vitro synthesis method (Jie Rui Biotech
Company). Each mutated MTR1 was subcloned into the transient expression
vector pEAQ (kindly provided by Dr. Tracey Bettinson) at AgeI and XmaI sites,
and the construct was transformed intoNicotiana benthamiana via Agrobacte-
rium GV3101- mediated transformation (Sainsbury and Lomonossoff, 2008).
Construction of MTR1 Deleted for the Fasciclin Domains
The mutated MTR1 fragments with one or both of the fasciclin domains
deleted were generated by overlapping PCR (Peng et al., 2006). The primers
used are listed in Supplemental Experimental Procedures.
ACCESSION NUMBERS
Sequence data for the genomic DNA and cDNA of MTR1 can be found
in EMBL/GenBank/Gramene data libraries under accession numbers
AP004864, AK241775, and LOC_Os02g28970, respectively.
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